INTRODUCTION
Terrestrial and aquatic ecosystems exchange nutrients and energy in the form of particulate and dissolved substances Bormann 1974, Hynes 1975 ). Import of materials to streams (e.g., leaf litter) has been studied extensively, but less is known about export, for example as emigration of adult aquatic insects and amphibians. This export may be only a small fraction of total energy and nutrient budgets (Vallentyne 1952, Webster and Patton 1979) but can be critical to terrestrial predators that consume fish and larval (Davies 1976, Custer and Pitelka 1978) and adult aquatic insects (Orians 1966, Sjdberg and Danell 1982) . Riparian communities often have higher animal diversity and density than adjoining terrestrial communities. This is a result of proximity of surface water, abundant and diverse food, and the heterogenous vegetative habitat of riparian zones (MacArthur 1964, Brinson et al. 1981) . In southwestern United States, riparian faunas are not only extremely abundant and diverse (Carothers et al. 1974 , Stamp 1978 , Clark 1984 nitude of aquatic-terrestrial interaction via adult aquatic insects is thus inherently related to insect secondary production and emergence. We examined this interaction by estimating benthic macroinvertebrate secondary production, emergence, and net transfer of aquatic insect biomass from a desert stream to the adjacent riparian habitat.
MATERIALS AND METHODS

Study site
The study site is located at 640 m elevation on Sycamore Creek, an intermittent Sonoran Desert stream 32 km northeast of Phoenix, Arizona, USA. The 505-km2 watershed is dominated by rugged, mountainous terrain. Like most intermittent desert streams, Sycamore Creek has predominately coarse sand and gravel substrates, warm water, and low summer discharge. In warm months surface flow is often restricted to areas where impervious bedrock forces water to the surface, where it flows for distances of a few metres to several kilometres before seeping into the sand. These isolated surface reaches are connected by long stretches of hyporheic flow. Winter discharge is usually higher and surface flow is continuous. Isolated storms in late summer and early autumn produce an average of two but up to nine flash floods annually. These floods scour the stream bed and remove biota in proportion to flood magnitude. Between floods, Sycamore Creek is typically 5-10 cm deep, 3-4 m wide, and has a mean current velocity of 0. 15 m/s. Mean discharge fluctuates around 0.05 m3/s and water temperature ranges from 180 (Gray 1981 ) and represent 85% of biomass and numbers (Fisher et al. 1982 ) and an even greater proportion of species that exhibit emergence of adults.
Thirteen to fifteen benthic samples were taken biweekly to a depth of 10 cm with an 80-cm2 coring device during periods of low flow ( Emergence was sampled weekly with 452-cm2 emergence traps constructed from plastic buckets with net tops (0.3-mm mesh). Sixteen traps placed in a random or stratified random pattern into the stream substrate remained in place for 24 h. Screens (0.3-mm mesh) on the sides of the traps allowed water to flow through the sampler, maintaining ambient oxygen level, temperature, and current. Ratios of emergence to production (cohort and annual E/P) were calculated. Secondary production, emergence, P/B, and E/P are reported by period and as annual rates with all mass values reported as dry mass unless otherwise indicated. This allows analysis of seasonal trends and variations in abundance not available from annual estimates alone.
Elutriation of benthic samples underestimated immature densities of the stone-cased caddisfly Helicopsyche mexicana. These density underestimates do not affect estimates of emergence or cohort and annual P/B, because P and B are underestimated by equal proportions (Waters 1977 ), but render production and E/P meaningless for this taxon; thus, H. mexicana data are excluded from E/P discussions.
Adult return was estimated with two 1.0-M2 catchnets placed randomly in the stream near emergence traps. Catch-nets of 0. 3-mm mesh netting on a wooden frame permitted current to flow through the net, prevented insect loss, and minimized possible sampling errors from insect avoidance. Catch-nets passively sampled adults falling into the stream, in a manner similar to litterfall traps. After 24 h, captured insects were collected and preserved in 70% ETOH.
RESULTS
Characteristics of sampling periods
Based on an analysis of stream discharge and insect abundance, the sampling year was divided into four unequal periods (Fig. 1, Table 1 ). Rapid development and continuous reproduction resulted in multiple cohorts (1-8 cohorts per period) and continuously changing insect densities (Fig. 1) . Period I started on 1 September 1982 and was a period of recolonization from flash floods occurring in late August and during period I. A flash flood ended period I and initiated period II. Unusually heavy precipitation during period II resulted in high and fluctuating discharge in Sycamore Creek. Unstable, shifting substrates associated with high discharge slowed or halted benthic recolonization and permitted only qualitative observations of the abundance of adult and immature insects (Jackson 1984) . For calculations, densities of adults and immatures were assumed to be zero during this period, although low densities were in fact present. Period III began when winter flooding stopped and discharge dropped to a level permitting recolonization; we then resumed quantitative sampling of stream benthos. Dramatic, unexplained decreases in abundances of insects, the alga Cladophora glomerata (Chlorophyta), and FPOM were first recognized on 18 July 1983 and marked the end of period III. Recovery from the drastic alteration in benthos that initiated period IV was slowed by three minor flash floods that changed stream substrates substantially and reduced insect abundances. Period IV ended 365 d after period I began.
Abundances of aquatic insects
Aquatic insect community structure (species richness and evenness) varied among periods. Chironomids were present throughout the year and were especially abundant during periods I and III (Fig. 1) . Greatest immature chironomid density was in period III (68 817 individuals/) while chironomid emergence was greatest in period I (2690 individuals m-2 d-l). The tipulid Cryptolabis sp. was numerous in late summer and autumn, especially after flash floods, but rare at other times (Fig. 1) .
Three mayfly taxa were abundant in periods III and IV, but temporal overlap for these populations was limited. Baetis quilleri immatures were common in period III, although emergence was erratic ( end of period III and decreased through period IV (Fig.  1) . Leptohyphespackeri was found in the stream during periods I and IV (Fig. 1) . A large population of L. (Fig. 1) . Flash floods in periods I and IV reduced densities of these two populations.
Daily production and emergence
Numbers of immatures and adults were converted into average production and emergence (daily and cohort) for each period and were used to calculate indices describing population dynamics and metabolism (cohort P/B and E/P) for each taxon. Both total daily production and total daily emergence were similar among the periods when quantitative data were gathered (periods I, III, and IV), but contributions of the various taxa to these rates varied among those periods. Chironomids were abundant and productive in periods I, III, and IV, while mayflies made important contributions to total production only in periods III and IV (Table 2) . Chironomids dominated emergence in periods I and III and were important in period IV (Table  2) . Helicopsyche mexicana and mayflies made significant contributions to emergence in periods III and IV. High secondary production was not always followed by high emergence. This resulted in variation among taxa in the ratio of emergence to production (see Table  3 ). Therefore the aquatic insect community as indicated by numbers of immatures or production of immatures differed from the aquatic insect community reflected in emergence of adults.
Cohort P/B varied little among and within species (range = 3.1 to 4.8) with three exceptions. Flash floods changed the shapes of survivorship curves for Leptohyphes packeri and Tricorythodes dimorphus in period I and L. packeri in period IV, which elevated cohort P/B to 8 (Table 3) . Cohort E/P, unlike cohort P/B, varied greatly depending on period and species (Table  3) . Differences in E/P among periods may have been a function of the physical and biotic conditions associated with each period. For example, flash floods in August removed insect biomass prior to emergence and lowered E/P.
Annual production and emergence
During the sampling year (1 September 1982-1 September 1983), Sycamore Creek received above-average precipitation, experienced five flash floods between April and November, and sustained high discharge for 161 d. Still, annual secondary production (dry mass) was very high, 121 g.m-2 yr-I (Table 4) . Chironomids were dominant, comprising 48.2% of production, while three mayflies accounted for an additional 45.4%. Total emergence was 23.1 g.m-2 yr-', of which 59.7% was chironomids and 19.2% mayflies, largely Baetis quilleri. Helicopsyche mexicana accounted for 13.7% of emergence.
Average standing stock biomass used for calculation of annual P/B includes an assumed winter benthic density of 0.0. Inclusion of zero densities reduced mean standing biomass and increased annual P/B, but is the conventional procedure according to Waters (1969 Waters ( , 1977 Waters ( , 1979 . Annual P/B's reported here are often > 100 TABLE 2. Average daily production and emergence of Sycamore Creek aquatic insects (dry mass) during periods (see Table  1 The relationship between emergence and annual secondary production (E/P) varied among taxa (Table 4) . Dipterans and Cheumatopsyche arizonensis displayed relatively high values, 25%, while Baetis quilleri was lower (15%) and tricorythids lower yet (2-7%).
Return of adult biomass
Only 3.1 ? 0.7% (95% ci) of total adult insect biomass emerging from the stream fell back into the water (Table 4) Macroinvertebrate secondary dry mass production in Sycamore Creek exceeded 120 g.m-2 yr-I in this study and in the study by Fisher and Gray (1983) . Characteristics intrinsic to desert streams (high temperatures, adequate food quantity, short invertebrate development times) were responsible for this unusually high rate. Animal standing biomasses in Sycamore Creek and temperate streams were similar, but turnover was much higher in Sycamore Creek. Immature aquatic insects grow to adulthood in fewer degree days and at a smaller size than related temperate species (Gray 1980 (Gray , 1981 . Rapid development may be advantageous in streams subject to flash floods and periodic drying (Gray 1981) . Macroinvertebrate numbers and biomass reach 50% of preflood levels 2-3 wk after disturbance (Fisher et al. 1982 uous reproduction generates a community composed of multiple cohorts. These factors combine with a long period of low, stable stream flow (204 d during this study year) to generate high secondary production.
Chironomids and ephemeropterans accounted for 95% of insect biomass produced. Total annual production for various taxa was similar, while the period of growth differed among taxa (Fig. 1, Tables 2 and 4 ). For example, three different mayflies contributed approximately equally to annual secondary production, but at different times. Baetis quilleri was most abundant during period III. Leptohyphes packeri was numerous in period IV, whereas there were many Tricorythodes dimorphus in late period III and early period IV (Fig. 1, Table 2 ). Chironomids were abundant and made large contributions to secondary production in periods I and III (Fig. 1, Table 2) . Overall, the contribution to annual production by all species was greatest during period III.
Although annual secondary dry mass production estimated in this study approaches that found for Sycamore Creek between 1979 and 1980 (135 g.m-2 yr-I, Fisher and Gray 1983), percent contributions for some taxa contrast markedly. Fisher and Gray (1983) showed Cryptolabis sp. to be a significant contributor to total production (39%, 52.6 g.m-2 yr-') and chironomid production to be only 13.6% (18.3 g-m-2 yr-'). In this study, the contribution of Cryptolabis sp. was small (3.7%, 4.5 g-2 'yr-) and chironomid contribution was large (48.2%, 58.3 gm-2 . yr-'). Mayfly production was similar in the two studies, 48.7 gim-2* yr-I (Fisher and Gray 1983) and 54.8 g.m-2 yr-' (present study), yet Baetis quilleri was less important in results reported here. It is remarkable that no significant differences exist between total production estimates in these two studies, especially considering the different sites, different flood patterns, and changing taxonomic dominance in the two studies.
Cohort P/B was between 3 and 5 throughout this study, with deviations due mainly to changes in mortality rates. Waters (1979) 
Emergence
In Sycamore Creek, chironomids dominated emergence dry mass (59.7%), while Helicopsyche mexicana and mayflies together accounted for another 33%. Total emergence in this study (23.1 g m-2 yr-') was much higher than any previously reported rate (Table 5) . Fillies (1980) predicted emergence to range between 5 and 15 g.m-2 yr-', but most empirical estimates are 3-7 g m-2 -yr-'. Previously reported emergence estimates would be even lower if emergence from riffles and less productive pools were combined, as was done by us and by Harper (1978) .
The relationship between emergence and production (E/P) combines insect metabolic activities (instar growth rates and production) and population dynamics (mortality schedule and final survivorship). Biotic and abiotic factors (e.g., predation and flash floods) influence the shape of survivorship curves to produce variation in the percent of accrued biomass that emerges. Sycamore Creek dipteran E/P ranged from 24 to 29%, which is within the range of published data (Tables 4  and 6 ). Cheumatopsyche arizonensis (E/P = 27%) was similar to this, yet much higher than the trichopteran studied by Castro (1975) . Mayfly E/P (2-15%) was consistently lower than the value of 18.5% reported by Brittain (1978) . E/P in Sycamore Creek appears to have been reduced by flooding or by predators, as was found by Hall et al. (1970) and Illies (1975) (e.g., chironomids and Cryptolabis sp.). Presumably, these surface-dwelling insects were more vulnerable to omnivorous fish (the cyprinid Agosia chrysogaster), predaceous insects, and minor floods.
Most E/P estimates in the literature are from single cohorts, and thus little is known about variation in E/P. In this study, multiple cohorts represent replications under different conditions and showed variation in E/P throughout the year. Annual E/P's for Sycamore Creek insects were similar to those reported elsewhere (Tables 4 and 6 ). As a result, emergence in Sycamore Creek was high by comparison because secondary production was elevated. This high emergence provides a potentially strong linkage between aquatic and terrestrial ecosystems.
Adult return and biomass transfer to the terrestrial ecosystem
The return of emergent adults to the stream is influenced by interactions among adult life histories, terrestrial environment, and chance. Environmental stress (e.g., desiccation, metabolic exhaustion from swarming or high temperatures, accidental injury) along with predation pressure from aerial and nonaerial insectivores influence adult insect mortality and return of adults to the stream (Corbet 1964 Aquatic ecosystems represent sources of food and water for organisms in riparian habitats. The significance of water for terrestrial plant and wildlife use is clear, especially in the desert. In addition, insects from aquatic systems may represent important prey items for riparian insectivores. Large numbers of terrestrial insectivores (bats, birds, adult odonates, and spiders) that eat emerged aquatic insects feed and reproduce near Sycamore Creek and its riparian zone. Spiders were constantly present, but bats, birds, and adult odonates were opportunistic visitors, feeding intensely on adult aquatic insects over the stream corridor when these insects were numerous and moving into the adjacent riparian vegetation when the insects were scarce (Jackson 1984 
